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NK Cell Responses in Zika Virus Infection Are Biased towards
Cytokine-Mediated Effector Functions

Christopher Maucourant,*,1 Gabriel Andrade Nonato Queiroz,†,‡,1 Aurelien Corneau,§,1

Luana Leandro Gois,†,‡ Aida Meghraoui-Kheddar,*,2 Nadine Tarantino,*
Antonio Carlos Bandeira,†,{ Assia Samri,* Catherine Blanc,§ Hans Yssel,*
Maria Fernanda Rios Grassi,†,‡ and Vincent Vieillard*

Zika virus (ZIKV) is a mosquito-borne flavivirus that has emerged as a global concern because of its impact on human health.
ZIKV infection during pregnancy can cause microcephaly and other severe brain defects in the developing fetus and there have
been reports of the occurrence of Guillain-Barr�e syndrome in areas affected by ZIKV. NK cells are activated during acute viral
infections and their activity contributes to a first line of defense because of their ability to rapidly recognize and kill virus-infected
cells. To provide insight into NK cell function during ZIKV infection, we have profiled, using mass cytometry, the NK cell
receptor-ligand repertoire in a cohort of acute ZIKV-infected female patients. Freshly isolated NK cells from these patients
contained distinct, activated, and terminally differentiated, subsets expressing higher levels of CD57, NKG2C, and KIR3DL1 as
compared with those from healthy donors. Moreover, KIR3DL1+ NK cells from these patients produced high levels of IFN-g and
TNF-a, in the absence of direct cytotoxicity, in response to in vitro stimulation with autologous, ZIKV-infected, monocyte-derived
dendritic cells. In ZIKV-infected patients, overproduction of IFN-g correlated with STAT-5 activation (r 5 0.6643; p 5 0.0085)
and was mediated following the recognition of MHC class 1�related chain A and chain B molecules expressed by ZIKV-infected
monocyte-derived dendritic cells, in synergy with IL-12 production by the latter cells. Together, these findings suggest that NK
cells contribute to the generation of an efficacious adaptive anti-ZIKV immune response that could potentially affect the outcome
of the disease and/or the development of persistent symptoms. The Journal of Immunology, 2021, 207: 1333�1343.

Zika virus (ZIKV) is a mosquito-borne flavivirus related to
Dengue virus (DENV), yellow fever virus, and West Nile
virus (1). During the first decades since its first discovery in

the 1950s in Africa (2), ZIKV received little attention, remaining
confined to the equatorial belt in Africa and Asia. The early clinical
picture of natural human ZIKV infection was mainly associated
with self-limiting symptoms, including fever, rash, and conjunctivi-
tis. Recently however, ZIKV has emerged as a global concern
because of its pandemic potential and its impact on human health
with more than 500,000 infected individuals between 2015 and
2016 (3). In 2016, the World Health Organization has declared this
virus a public health emergency of international concern because to
its ability to cause Guillain-Barr�e syndrome in adults and birth
defects, in particular microcephaly, in newborns from infected
women (4�6).

ZIKV is primarily transmitted to humans by the bite of infected
mosquitoes from the Aedes aegypti family (7). Viral entry into per-
missive dendritic cells (DC) facilitates the traffic of ZIKV to drain-
ing lymph nodes and other lymphoid tissues through DC-specific
ICAM-3-grabbing nonintegrin (DC-SIGN), one of the main cellular
receptors for this virus (8). In response, the infected host produces
early type I IFNs, to mount a rapid and potent innate defense against
ZIKV (9). This first innate immune response is responsible for the
recruitment of monocytes to the inflammatory site, permitting the
priming of NK cell activity during arbovirosis (10, 11).
NK cells are critical effectors of the innate immune response and

represent a first line of defense against a variety of viral infections,
including those caused by arboviruses (12�15). There is abundant
proof for an early control of infectious disease by NK cells and fur-
ther evidence for a direct role of these cells in protection against
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viral infections comes from studies of patients with selective NK
cell deficiencies, a condition that leads to the development of fulmi-
nant viral infections (16, 17). The importance of these cells is also
underscored by the development of escape mechanisms by many
viruses (i.e., HIV, herpes, and hepatitis viruses) to thwart NK cell
responses (18). NK cell activity is shaped by the integration of sig-
nals that arise from the binding of a vast array of receptors present
on the surface of these cells. They include not only inhibitory recep-
tors, like KIR-L and NKG2A, but also activating receptors, such as
the natural cytotoxicity receptors (NKp30, NKp44, and NKp46),
NKG2D, and NKG2C. Although ligands for inhibitory receptors are
mostly MHC class I molecules, those for activating receptors, exem-
plified by MHC class I�related chain (MIC)�A, MIC-B, and
ULBP-1 to -6 for the NKG2D receptor, are diverse and their expres-
sion is upregulated under conditions of cellular stress, in particular
during viral infection thereby allowing NK cells to specifically elim-
inate harmful infected host cells (19). When activating signals pre-
dominate, NK cells produce an array of proinflammatory cytokines,
most importantly IFN-g and TNF-a, in parallel with the initiation of
their cytotoxic functions (20�22). Despite substantial progress in
understanding ZIKV-specific immune responses in individuals, little
is known about the role of NK cells in the pathogenesis of Zika
fever. With respect to their activity in response to infection with
other flaviviruses, we and others have observed that NK cells
become activated and rapidly expand following infection of the host
with DENV (10, 14, 23). Moreover, DENV type 2 was found to
inhibit glycogen synthase kinase 3 activity and subsequently induce
MIC-A expression in monocyte-derived DC (Mo-DCs), resulting in
a specific increase in IFN-g and TNF-a production in the absence
of cytotoxicity, by autologous NK cells (15). It has previously been
shown that ZIKV inhibits NK cell cytotoxicity by upregulating the
expression of MHC class I molecules in response to IFN-b (24),
whereas a protective role of NK cells against ZIKV infection was
reported in mice (25).
In the present work, we have conducted a detailed phenotypic

and functional analysis of NK cells by mass cytometry during acute
infection of patients with ZIKV and have characterized in vitro the
role of NK cell receptors and their ligands in the context of autolo-
gous ZIKV-infected Mo-DCs.

Materials and Methods
Patients, healthy controls, and sample preparation

Peripheral blood samples from 17 ZIKV-infected patients were obtained dur-
ing the ZIKV outbreak that occurred in the Salvador area (Brazil) between
March 2016 and December 2016. Samples from patients who had developed
symptoms included fever, arthralgia, and asthenia and who visited the emer-
gency room of a medical center in Salvador (Bahia, Brazil) were collected at
the admission (timepoint 1 [TP1]) and 13�19 d later (timepoint 2 [TP2]).
Molecular diagnosis of ZIKV infection was confirmed for each of the
patients using PCR, as described (26). Ten healthy volunteers were used as
negative controls. Patients and controls were PCR negative for chikungunya,
yellow fever virus, and DENV infections. PBMCs were isolated from blood
samples by standard density centrifugation, and then frozen at �150�C.

The study was conducted in accordance with the principles of the Declara-
tion of Helsinki, as well as French statutory and regulatory law, and received
approval from the Institutional Review Board of FIOCRUZ (protocol numbers
1.159.814 and 1.593.256/CAAE 55882016.6.0000.0040). Patients received
information about research to be performed on their biological samples and
provided written informed consent to participate.

Staining and mass cytometry acquisition

The 40 mAbs used for PBMC labeling were in-house conjugated to metal
isotopes using MaxPAR Ab Conjugation Kits (Fluidigm), following the
manufacturer’s recommendations (Supplemental Table I) indicated by a star.
Conjugated Abs were diluted to 100 times the working concentration in PBS
Ab Stabilization Solution (Candor Bioscience) and stored at 4�C.

For each sample, PBMCs were thawed rapidly, incubated with a 50 mM
solution of 127-IdU Cell-IDTM (Fluidigm) for 25 min at 37�C, followed by
the addition of 2.5 mM 103Rh Cell-ID-Intercalator (Fluidigm) for 5 min at
37�C. Cells were then washed with staining buffer (SB; 1xPBS with 0.5%
BSA and 0.02% sodium azide), and surface markers were stained following
a multistep protocol. After Fc blocking, cells were incubated with a first Ab
mix targeting chemokine receptors during 15 min, then with a second Ab
mix targeting the other surface markers for 30 min at room temperature.
After the 45 min of incubation, cells were washed with SB, fixed for 15 min
with paraformaldehyde (Sigma-Aldrich) at a final concentration of 2%, per-
meabilized with methanol (Sigma-Aldrich) for 10 min and then intracellular
stained for 60 min at 14�C. Cells were washed twice with SB and incubated
overnight in 2% paraformaldehyde with 1:4000 the iridium intercalator [pen-
tamethylcyclopentadienyl-Ir(III)-dipyridophenazine; Fluidigm] at 4�C, and
frozen at �80�C, as described (27, Meghraoui-Kheddar, A. B.G. Chouster-
man, N. Guillou, S.M. Barone, S. Granjeaud, H. Vallet, A. Cornau, K. Gues-
sous, A. Boissonnas, J.M. Irish, and C. Combadi�ere, manuscript posted on
bioRxiv, DOI: 10.1101/2020.05.29.123992).

Before acquisition, cells were thawed rapidly, resuspended in distilled-
deionized water at 106 cells per mL and mixed with 4-Element EQ Beads
(Fluidigm) and passed through a cell strainer cap with 35-mm pores (BD
Biosciences). Cell events were acquired on the CyTOF Helios Mass Cytom-
eter (Fluidigm) and CyTOF software version 6.7.1014 (Fluidigm) at the
“Plateforme de Cytom�etrie de L’hôpital Piti�e-Salpêtri�ere (CyPS),” Paris,
France. Cytometry standard files produced on the CyTOF Helios were nor-
malized using MatLab Compiler software normalizer based on the signals of
the 4-Element EQ beads (Fluidigm) using MatLab Compiler software as rec-
ommended by the software developers.

Mass cytometry data analysis

After beads have been removed by an exclusion gate, intact single cells were
gated on the basis of iridium intercalator DNA staining and live cells were
selected on the basis of 103Rh before cell subsets analysis. The different
analyzes were performed only with the samples with at least 2000 events.

To identify the main circulating immune populations, cell clustering was
performed using Spanning-tree Progression Analysis of Density-normalized
Events (SPADE) (28) in Cytobank platform (29), applying a down-sampling
of 10% and targeting 50 nodes based on all the markers of the panel
(Supplemental Table I). Identification of metaclusters, representing immune
cell populations, were expert driven based on the median expression of all
the markers in each node (Supplemental Table I).

Then, after the concatenation of samples from the same condition into a
single group, a visualization of t-distributed stochastic neighbor embedding
(viSNE) analysis was performed using the Cytobank platform based on the
expression of the NK cells following markers: CD56, CD57, CD16,
NKG2A, NKG2C, KIR2DL1, KIR2DL2L3, KIR3DL1, HLA-DR, IFN-g,
pSTAT-5, and Ki-67.

The viSNE (implementation of t-SNE) (30) was used to rearrange, by an
unsupervised approach, cells in the different groups of the study in a com-
mon two-dimensional map, according to their expression profile of markers
(Supplemental Table I).

A citrus analysis was performed using markers previously cited to identify
the specific NK signature timepoint of the study.

To check discoveries from the unsupervised analysis, manual gating was
done using a classical gating strategy to identify NK cells: CD33�CD14�

CD3�CD561 and the NK cells markers previously cited to be used in our un-
supervised analyze. Then data were collected using GraphPad PRISM and a sta-
tistical analysis was done as discussed in the specific section of the materials
andmethods.

Cell isolation and generation of Mo-DCs

Monocytes were positively purified using CD141 beads (Miltenyi Biotec)
from fresh PBMC isolated from buffy coat samples of healthy donors (Eta-
blissement Français du Sang), and cultured for 6 d in the presence of 50 ng/
ml IL-4 and 100 ng/ml GM-CSF (BioTechne). Successful differentiation of
Mo-DCs was verified by the presence of CD1a (HI149), DC-SIGN
(DCN46), CD40 (5C3) (all from BD Pharmingen), and HLA-DR (Immu-
357; BioLegend) expression and the absence of CD14 (61D3; eBioscience)
expression, as previously described (15).

Autologous NK cells were purified from the same healthy donors by neg-
ative selection using the NK Cell Isolation Kit (Miltenyi Biotec) (routinely
purity > 98%) and subsequently cultured in RPMI supplemented with 10%
human AB serum and 1,000 IU/ml of Proleukin-2 (Chiron) for 6 d. The
purity was assessed using anti-CD45 (J.33; Coulter), anti-CD3 (UCHT1;
eBioscience), and anti-CD56 (N901; Coulter) mAbs.

1334 NK CELLS IN ZIKA VIRUS ACUTE INFECTION
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Preparation of ZIKV, infection of Mo-DCs, and coculture with
autologous NK cells

The primary PF-25013-18 strain of ZIKV, kindly provided by Dr. Doroth�ee
Miss�e (MIVEGEC, IRD Montpellier, France), was propagated in Vero cells
(no. CCL-81; American Type Culture Collection) and harvested after 5 d of
culture at 37�C. Cell debris was removed by centrifugation and aliquots
were stored at �80�C, as previously described (31). Virus stock was titrated
after extraction of cellular RNA from cell-supernatant using MirVanaTM
miRNA Isolation Kit (Ambion). Quantitative PCR was next performed with
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
and MESA GREEN Quantitative PCR Master Mix (Eurogentec), using FLR
ZIKV forward 59-AGGACAGGCCTTGACTTTTC-39 and reverse primer
59-TGTTCCAGTGTGGAGTTC-39. The level of gene expression was nor-
malized to GAPDH. The copy of RNA (molecules per microliter) was deter-
mined using a dsDNA copy number calculator (http://cels.uri.edu/gsc/cndna.
html), and estimated �5 � 108 copies per mL.

After 6 d of culture, 2� 106 differentiated Mo-DCs were infected for 2 h at
37�C with 100 ml of virus stock (5� 107 copies). Cells were washed twice to
remove cell-free virus and cultured at a density of 106 cells per milliliter in 24-
well plates RPMI supplemented with 10% FCS. As control, noninfected and
Mo-DCs treated overnight with 10 mg/ml of LPS were used. Infected cells
were fixed and permeabilized with Cytofix and Cytoperm (BD Pharmingen)
during 30 min at 4�C, intracellularly stained with 5 mg/ml 3H5-1 antiflavivirus
mAb (MilliporeSigma), specific to the envelope E glycoprotein of the flavivi-
rus, then washed and stained with 1/500 of anti-mouse IgG1-FITC (Beckman
Coulter). During this time, autologous NK cells were trashed or cultivated to
be used in the functional assay. Staining was acquired on Gallios Cytometer
(Beckman coulter) and analyzed using FlowJo software v09 (TreeStar).

Flow cytometry analyzes of Mo-DCs

Mo-DCs were first preincubated for 15 min at 4�C with an Fc blocking
reagent (Miltenyi Biotec) to block nonspecific Fc receptor binding. Differen-
tiation into Mo-DCs was assessed by flow cytometry with CD45-KO (J.33),
HLA-DR-ECD (Immu-357) from Beckman Coulter, MIC-A�PE (159207;
R&D Systems), MIC-B�PE (236511; R&D Systems), CD14-EF 780 (61D3;
eBiosciences), and CD1a-allophycocyanin (HI149), CD83-PC7 (HB15e),
and CD86-PB (GL1) from BioLegend. Isotype-matched Igs served as nega-
tive controls. The expression of ligands for NK cell receptors on Mo-DCs
was assessed using specific mAbs: cells were first incubated with 1 mg/ml of
fusion proteins (NKp30-Ig or NKp46-Ig, 1849-NK, and 1850-NK, respec-
tively), anti�ULBP1-2-3 (170818, 165903, and 166510, respectively), or
anti�MIC-A/-B (159207) mAbs from R&D Systems, for 2 h at 4�C. Cells
were washed in PBS-BSA 0.5% and then stained using anti-human IgG1-PE
at 1/50 dilution (Jackson ImmunoResearch) for Ig-fusion proteins, and anti-
mouse hu-IgG2a-PE (Beckman Coulter) for anti�ULBP1-2-3 and anti�MIC-
A/-B mAb or directly stained with allophycocyanin�anti�HLA-A,B,C (G46-
2.6) mAbs for 1h at 4�C, as previously described (15, 32). Cells were
acquired on a Gallios Ccytometer (Beckman Coulter). Flow cytometry data
were analyzed using FlowJo software v. 9 (TreeStar).

NK cell degranulation and intracellular production of cytokines

For in vitro functional analysis, purified NK cells were incubated with autolo-
gous Mo-DCs at an E:T cell ratio from 1:1 in the presence of an anti-CD107a
mAb (H4A3; Becton Dickinson) for 1 h, to measure degranulation. Cells were
thereafter incubated for 4 h in the presence of Golgi Stop (4mL per 6 mL of cul-
ture) and Golgi Plug (1 mL per mL of culture) from BD Biosciences and then
were stained using anti�CD45-KO (J.33; Coulter), anti�CD3 (UCHT1; eBio-
science) and anti-CD56 (N901; Coulter) mAbs. Cells were fixed, permeabilized
using a Cytofix/Cytoperm Kit (BD Bioscience) during 30 mins at 4�C and then
intracellularly stained for IFN-g and TNF-a production, as described (23). In
some experiments, Mo-DCs were preincubated with 10 mg/ml of 6D4 anti�
MIC-A/-B (BioLegend) (2001; Groh), 10 mg/ml of W6/32 anti�HLA class
I�blocking mAbs, 2.5 mMof Apilimod (formerly STA-5326), a specific inhibi-
tor of IL-12 synthesis (33), or 10mg/ml of LPS (both from Sigma-Aldrich).

Cells were acquired on a Gallios Cytometer (Beckman Coulter) and ana-
lyzed using FlowJo Software V09 (TreeStar).

For the ex vivo functional analysis, PBMC from seven randomly selected
patients were rested during 2 h after thawing and then have been cultivated with
K562 or not in the same condition as discussed for the in vitro functional analysis.

Real-time PCR analysis of IL-12 p35 and IL-12 p40

mRNA was extracted using the mirVana Kit (Thermo Fisher Scientific) and
treated by DNAse (Ambion DNA-free; Invitrogen). Reverse transcription
was then conducted with 200 ng mRNA using the Applied Biosystems High
Capacity cDNAReverse Transcription Kit (Thermo Fisher Scientific), according
to the manufacturer’s instructions. The real-time PCR was performed with the

Applied Biosystems 7300 Real Time PCR system in the presence of SYBR-
green. with 20 ng of cDNA and 10 mM of sense and reverse primers. After an
initial step at 50�C for 2 min and 95�C for 10 min, a total of 40 cycles was per-
formed. Each cycle consisted in 95�C for 15 s and 60�C for 1 min. At the end, a
final cycle was performed at 95�C for 15 s, 60�C for 1 min, 95�C for 15 s, and
60�C for 15 s. The oligonucleotide sequences used for IL-12 p35, IL-12 p40,
and RSP14, respectively: sense primers: CTCCTGGACCACCTCAGTTTG,
CGGTCATCTGCCGCAAA, TGAAACCTTCCCTGGCCT-ACG; reverse pri-
mers: GGTGAAGGCATGGGAACATT, TGCCCATTCGCTCCAAGA, and
GCTGCTGTGAGGGCTGGAGCTC. Data were analyzed with the double d Ct
(DDCt) method using the 7300 Software System (Applied Biosystems) to deter-
mine relative quantification (RQ) of IL-12 p35 and IL-12 p40 gene expression:
RQ5 2(�DDCt) with DDCt5 DCt (sample) � DCt (calibrator); DCt (sample)5
Ct (sample in test) � Ct (RSP14 in test); DCt 5 Ct (sample in calibrator) � Ct
(RSP14 in calibrator), as previously described (15).

Statistical analysis

The nonparametric Mann�Whitney U, Kruskal�Wallis, and Wilcoxon tests
were used as appropriate for the comparison of continuous variables between
groups. Statistical analysis was performed using PRISM software (GraphPad).

Results
Proportion of immune cell subsets in ZIKV-infected patients
analyzed by mass cytometry

We developed a mass cytometry 40 markers panel for a high-dimen-
sional analysis of PBMCs subsets of ZIKV-infected patients and
healthy controls. Surface markers were chosen to identify myeloid
cells, T and B lymphocytes, and NK cells in addition to differentiation,
activation,andfunctionalmarkers (http://cels.uri.edu/gsc/cndna.html).
To establish the cellular heterogeneity of PBMCs, an SPADE

clustering was performed using the same number of total live single
cells of 17 ZIKV-infected patients, and eight healthy donors. The
resulting 50 SPADE nodes were then grouped into five metaclusters
corresponding to the canonical immune cell populations: CD141

myeloid cells, CD3-CD561 NK cells, CD41 T cells, CD81 T cells,
and CD191 B cells (Fig. 1A).
Analysis of metaclusters revealed that the frequencies of each cell

population was conserved in PBMCs from ZIKV-infected patients
at admission (TP1) and 13�19 d later (TP2), as compared with
healthy donors (Fig. 1B), despite an interindividual degree of vari-
ability in ZIKV-infected patients (Fig. 1C). These data were con-
firmed with individual viSNE analyzes (data not shown), and
suggest that distribution of the major immune cell subsets remains
similar in donors and ZIKV-infected patients.

Major phenotypic features of NK cells from ZIKV-infected patients

Given the importance ofNK cells in the early stage of infection,we per-
formed a detailed analysis of the expression pattern of NK cells recep-
tors in ZIKV-infected patients during the acute and postfebrile phase of
infection. A viSNE dimensional reduction combined to SPADE
revealed that several NK cell markers from ZIKV1 patients are indis-
tinguishable from those from healthy donors, irrespective of the time-
point tested (data not shown). Notably NK cells from ZIKV1 and
healthy donors expressed similar levels of CD16, NKG2A, KIR2DL1,
KIR2DL2/DL3, CCR2, CXCR5, as well as exhaustion markers PD1,
CTLA4, and Tim-3 (Fig. 2A and data not shown). However, NK cells
from ZIKV1 patients were found to express higher levels of CD57,
NKG2C, and KIR3DL1, as compared with their healthy counterparts
(Fig. 2A�C). Notably, overexpression of NKG2C was mainly associ-
ated with CD57 (Fig. 2B). These data were corroborated with a more
systematic investigation using citrus algorithm, inwhich the threemajor
specific metaclusters of TP1 and TP2 were CD571NKG2C1KIR3
DL1�, CD571NKG2C�KIR3DL11, and CD571NKG2C�KIR3DL1�

differentiated cell subsets (Supplemental Fig. 1).
To further characterize these responding NK cells during the

acute phase of infection, markers of activation and cellular
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proliferation were tested. A high percentage of NK cells from ZIKV1

patients expressed the proliferation marker Ki-67 during TP1, com-
pared with heathy donors, which subsequently declined throughout
TP2 (Fig. 3A, 3B). A similar pattern was observed regarding HLA-
DR�expressing cells, and cells coexpressing Ki-67 and HLA-DR
(Fig. 3A, 3B). Importantly, HLA-DR was significantly overexpressed
in both NKG2C1 and KIR3DL11 NK cell subsets, whereas overex-
pression of Ki-67 was only observed in the KIR3DL11 NK cell sub-
sets at TP1 (Fig. 3C). It seems, however, that expression of HLA-DR
and Ki-67 decreases over time (Fig. 3C).
These data suggest that ZIKV infection is associated with the

presence of activated and proliferating NK cell subsets expressing
NKG2C or KIR3DL1.

ZIKV infection induces production of IFN-c by NK cells

Given our finding that NK cells are activated and present specific phe-
notypic characteristics during acute ZIKV infection, we subsequently
evaluated their functional capacities. Mass cytometry analysis
revealed that the intracellular production of IFN-g by NK cells was
the most significant functional marker that distinguished ZIKV-
infected patients from healthy donors (p 5 0.038) (Fig. 4A, 4B).
Although IFN-g production was increased in NKG2C1 NK cells from
ZIKV-infected patients, the great majority of IFN-g�producing cells
expressed KIR3DL1. The latter population was increased in a statisti-
cally significant manner in ZIKV1 patients (p < 0.0001), compared
with healthy donors (Fig. 4C, 4D). Consequently, KIR3DL1 expres-
sion and IFN-g production were also positively correlated in NK cells

FIGURE 1. Impact of ZIKV on various
cell-populations. (A) SPADE representations
of cell-subsets distribution in the peripheral
blood of ZIKV-infected patients. Cell-subsets
are shown in mean of all healthy donors (HD)
and ZIKV-infected patients (ZIKV1) at the
different timepoints (TP1 and TP2) after onset
of the symptoms. For this general population
SPADE, the channels used are as follows:
CD19, CD4, CD16, CD11b, CD123, CD56,
CD8, CD14, CD11c, CD33, HLA-DR,
CD163, and CD3. (B) Distribution of cell-sub-
sets in ZIKV-infected patients, compared with
HDs. Data are done in frequency of CD451

cells from SPADE analysis. (C) Kinetic study
of cell-subsets from two representative ZIKV-
infected patients (no. M20 and no. M52).
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fromZIKV1 patients at TP1 (r5 0.8143, p5 0.0004) (Fig. 4E). Inter-
estingly, the frequency of IFN-g production was significantly
increased in KIR3DL1-expressing NK cells, as compared with
KIR3DL1� cells in ZIKV-infected patients (p < 0.0001), whereas
expression in NK cells from healthy donors remained close to baseline
levels (Fig. 4F).
For validation, we next assessed the functional activity of NK cells

by a standard flow cytometry assay in PBMC from ZIKV-infected
patients. Fig. 5A shows that intracellular production of IFN-g and
TNF-a production by NK cells was significantly increased in ZIKV1

patients, as compared with healthy controls. In contrast, the capacity of
NK cells to release cytotoxic granules, as demonstrated by the expres-
sion of CD107a in the presence of K562 target cells, was not increased
in ZIKV-infected patients, as compared with healthy donors (Fig. 5A).
To confirm these functional results, we also used an in vitro model

of activated NK cells cocultured with autologous ZIKV-infected Mo-
DCs. At 48 h postinfection by ZIKV, up to 48% of Mo-DCs were
infected (Supplemental Fig. 2A). Except for the DC-SIGN receptor,
the expression of most of the costimulatory molecules were upregu-
lated in both bystander and infected Mo-DCs (data not shown). In line
with data observed in ZIKV-infected patients (Fig. 5A), NK cell
degranulation was not enhanced in NK cells cocultured with autolo-
gous ZIKV-infected Mo-DCs (Fig. 5B). In contrast, infected Mo-DCs
induced enhanced production of IFN-g and TNF-a in a statistically
significant manner (p 5 0.016 for both cytokines) by autologous NK
cells, as compared with noninfected Mo-DCs (Fig. 5B). Importantly,
the production of IFN-g and TNF-a by autologous NK cells was
strongly inhibited in experiments carried out with trans-well chambers
(Supplemental Fig. 3A), suggesting that cell-cell contact is necessary
for cytokine production by NK cells.
IL-12 p35 (14.3 ± 3.4-fold increased) and p40 (15.7 ± 1.5-fold

increased) gene expression was significantly increased in Mo-DCs

infected by ZIKV, as compared with noninfected cells, similarly to
that observed after LPS treatment (Fig. 6A). Consistently, the intra-
cellular production of IFN-g and TNF-a by NK cells was strongly
decreased after coculture with ZIKV-infected Mo-DCs pretreated
with 2.5 mM of Apilimod (Fig. 6B). To gain inside in the signaling
pathway, we determined phosphorylated STAT-5 (pSTAT-5) levels
within NK cells from ZIKV-infected patients. As shown in Fig. 6C,
pSTAT-5 levels were strongly increased in ZIKV1 NK cells, as
compared with those from healthy individuals, in a time-dependent
manner (Fig. 6D), and statistically correlated with IFN-g production
by these cells (r 5 0.6643, p 5 0.0085) (Fig. 6E). Notably,
pSTAT-5 was significantly increased in NK cells expressing
NKG2C (p 5 0.050) or KIR3DL1 (p 5 0.002) (Supplemental Fig.
3B). To confirm the specific induction of pSTAT-5 by NK cells in
the presence of ZIKV, we tested in vitro the expression of other
activated STAT proteins (pSTAT-1, -3, and -6). Fig. 6F shows that
only pSTAT-5 expression is increased after cocultured with autolo-
gous ZIKV-infected Mo-DC.
In conclusion, the production of cytokines induced by ZIKV is

associated with the activation of the STAT-5 signaling pathway in
NK cells and the production of IL-12 by the infected Mo-DCs.

Expression of ligands for NK cell receptors in ZIKV-infected
Mo-DCs

We next sought to identify ligands for NK cell receptors on Mo-
DCs that could contribute to the phenotypic and functional altera-
tions of NK cells during acute ZIKV infection. Postinfection, a
slight but distinct increase in the expression of MHC class I mole-
cules, the ligands of KIR, was observed in Mo-DCs (Fig. 7A, 7B).
Importantly, the frequency of MIC-A and MIC-B (MIC-A/B), two
ligands of NKG2D, were significantly induced in ZIKV-infected
Mo-DCs, as compared with LPS-treated and noninfected control

FIGURE 2. Expansion of adaptive NK cells
from ZIKV-infected patients. (A) tSNE plots repre-
senting NK cells density in healthy donors (HD)
and ZIKV-infected patients (ZIKV1) PBMCs col-
lected at the different timepoints (TP1 and TP2)
after onset of symptoms in addition to NK cell
receptors expression patterns in these groups. Plots
represent merged files of each group of individuals.
The settings used for the viSNE run were as follow:
equal event sampling (12,468 events each),
markers (CD16, CD56, CD57, NKG2A, NKG2C,
KIR2DL1, KIR2DL2L3, KIR3DL1, IFN-g, Ki-67,
and pSTAT-5), iterations (7500), perplexity (30),
and u (0.7). (B) Frequency of NKG2C1 and
CD571NKG2C1 NK cells (or NKG2C and
CD57/NKG2C-expressing NK cells). (C) Mean of
fluorescence intensity (MFI) of KIR3DL11

expression. Black lines represent the median of 10
HD, 15 TP1, and 7 TP2. An unpaired Mann�Whit-
ney U test was performed between HD and TP1
groups and a paired Wilcoxon test was performed
between TP1 and TP2 groups. ***p< 0.0001.
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cells (Fig. 7A, 7B); upregulation of MIC-A expression is, however,
more significant (p 5 0.001) than that of MIC-B (p 5 0.025) in
ZIKV-infected Mo-DCs, as compared with noninfected control cells
(Fig. 7B). In contrast, Mo-DCs infected by ZIKV were indistin-
guishable from those of noninfected controls subjects in terms of
cell surface expression of other cellular ligands for major NK-
activating receptors, including ULBP family proteins for NKG2D,

and ligands of NKp30 and NKp46 (Supplemental Fig. 3C). Consis-
tently, 73 to 93% of the ZIKV-infected cells expressed MIC-A/B
(Supplemental Fig. 2B), and the level of NKG2D expression was
downmodulated after a 5-h period of coculture with ZIKV-infected
autologous Mo-DCs, as compared with noninfected target cells. In
contrast, cell surface expression levels of NKp30 and NKp46, two

FIGURE 3. Cellular activation of NK cells from ZIKV-infected patients.
(A) tSNE visualization of the cell activation (HLA-DR) and cell prolifera-
tion (Ki-67) markers in NK cells from healthy donors (HD) and ZIKV-
infected patients (ZIKV1) at the different timepoints (TP1and TP2) after
onset of the symptoms. Plots represent merged files of each group of indi-
viduals. The parameters of viSNE are noted in the legend of Fig. 2B. (B)
Frequency of HLA-DR and Ki-67 expression on total CD3�CD561 NK
cells. Black lines represent the median. (C) Frequency of HLA-DR� or Ki-
67�expressing NKG2C1 and KIR3DL11 NK cell subsets from HD (n 5
8) and ZIKV-infected patients (ZIKV1) at different timepoints (TP1, n 5
13; TP2, n 5 6) after onset of the symptoms. Black lines represent the
median. An unpaired Mann�Whitney U test was performed between HD
and TP1 groups, whereas a paired Wilcoxon test was performed between
TP1 and TP2 groups. *p < 0.01, **p < 0.001.

FIGURE 4. Intracellular production of IFN-g in NK cells from ZIKV-
infected patients. (A) tSNE visualization of IFN-g�producing NK cells from
healthy donors (HD) and ZIKV-infected patients at the different timepoints
(TP1 and TP2) after onset of the symptoms. Plots represent merged files of
each group of individuals. (B) Frequency of intracellular production of IFN-g
in total CD3�CD561NK cells. (C) Frequency of IFN-g�positive CD3�CD561

NK cells expressing NKG2C. (D) Frequency of IFN-g�positive CD3�CD561

NK cells expressing KIR3DL1. Data were obtained from HD (n 5 8) and
ZIKV-infected patients (ZIKV1) at different timepoints (TP1, n 5 15; TP2,
n 5 7) after onset of the symptoms. Black lines represent the median. An
unpaired Mann�Whitney U test was performed between HD and TP1 groups,
whereas a paired Wilcoxon test was performed between TP1 and TP2 groups.
**p < 0.001, ***p < 0.0001. (E) Correlation between IFN-g production of
total CD3�CD561 NK cells and frequency of KIR3DL1 expression by NK
cells from ZIKV-infected patients at TP1. (F) Frequency of intracellular pro-
duction of IFN-g in CD3�CD561 NK cells expressing or not KIR3DL1 in HD
and ZIKV-infected patients (ZIKV1) at TP1. Data are extrapolated from the
Citrus analysis. Black lines represent the median. An unpaired Mann�Whitney
U test was performed between KIR3DL11 and KIR3DL1� NK cells.
***p< 0.0001.
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other major activating NK receptors, remained unchanged following
coculture with ZIKV-infected target cells (Supplemental Fig. 2C).
Together, these data strongly suggest that MIC-A/B plays a key

role in the control of ZIKV infection by NK cells.

Engagement of MIC-A/B with NKG2D triggers cytokine production
by NK cells

To gain insight into the mechanism(s) by which ZIKV induces cyto-
kine production by NK cells in concert with MIC-A/B�expressing
ZIKV-infected Mo-DCs, experiments were performed in the pres-
ence or absence of neutralizing anti�MIC-A/B mAbs. The produc-
tion of IFN-g and TNF-a was significantly decreased in the
presence of neutralizing anti-NKG2D (Fig. 7C), and anti�MIC-A/B
(Supplemental Fig. 3D) mAbs, at levels close to those observed
with NK cells alone or cocultured with noninfected Mo-DCs. In
contrast, in the presence of a neutralizing anti�MHC class I mAb,
the production of IFN-g and TNF-a remained unchanged
(Supplemental Fig. 3D). Of note, the presence of neither anti�
MIC-A/B nor anti�MHC class I mAbs modified the level of degran-
ulation of autologous NK cells (data not shown).
To evaluate a possible additive/synergetic effect of IL-12 produc-

tion and MIC-A/B expression by ZIKV-infected Mo-DCs on the
intracellular cytokine production by autologous NK, we tested the
combination of a treatment with the IL-12/IL-23 antagonist Apili-
mod and a neutralizing anti-NKG2D mAb. Stimulation of NK cells
with ZIKV-infected target cells in the presence of both compounds
resulted in a lower frequency of IFN-g� and TNF-a�producing
cells, as compared with cells treated with either Apilimod or anti-
NKG2D mAb (Fig. 7C).
To further understand the relevance of these in vitro data, we finally

assessed cytokine production by NK cells from ZIKV-infected
patients in the presence or absence of neutralizing anti�
MIC-A/B mAbs. Levels of both IFN-g and TNF-a production were
significantly decreased in NK cells from ZIKV-infected patients after

treatment with anti�MIC-A/B mAbs, as compared with untreated
cells, at similar levels as those observed in healthy donors (Fig. 7D).
Together, these data suggest that overexpression of MIC-A/B by

Mo-DCs is a key element in the induction of cytokine production
by NK cells, both in vitro and in patients infected by ZIKV.

Discussion
NK cells are known to rapidly respond during diverse acute viral
infections in humans including those by arboviruses like chikungunya,
yellow fever, and DENV (14, 23, 34, 35). However, the role of NK
cells in the control of anti-ZIKV immunity needs to be better defined
in view of the recent emergence and rapid spread of the Zika fever epi-
demic and the severe consequences of congenital ZIKV infection.
Using high-dimensional mass cytometry, flow cytometry, and in vitro
coculture assays in this study, we provide the first evidence, to our
knowledge, that ZIKV infection may selectively shape the NK cell
repertoire. Results revealed a massive activation of NK cells associ-
ated to the presence of adaptive CD571NKG2C1 phenotype, as pre-
viously described in acute chikungunya virus and DENV infections
(23, 34, 36). A limitation of this study is the absence of data concern-
ing the seroprevalence of CMV with respect to the modulation of
adaptive NK cells in ZIKV1-infected patients; however, it was
reported that 96.3% of the adolescents in the city of Bel�em in Brazil
presented IgG Abs to CMV (37), suggesting that data on adaptive NK
cells can be analyzed independently of the CMV serostatus.
In contrast to the overall NK cell repertoire, which contains a ran-

dom distribution of KIRs in healthy donors, skewing of KIR reper-
toire toward self-specific KIRs has previously been observed in
patients infected by some viruses (38). In this study, we show that
NK cells from ZIKV1 patients are preferentially associated with
KIR3DL1, whereas an expansion of KIR2DL11-adaptive NK cells
for DENV has been reported (23). The mechanism underlying the
expansion of educated NK cells bearing self-specific KIRs remains

FIGURE 5. Functional activity of NK cells mediated by autologous ZIKV-infected Mo-DCs. (A) In vivo degranulation and production of IFN-g and TNF-
a by NK cells from healthy donors (HD; open bars) and ZIKV-infected patients (ZIKV1; black bars) at TP1. Experiments are performed with untreated
PBMC (UT) or in the presence of K562 target cells (1K562) at an E:T cell ratio of 1/1. Data are shown for five HDs and five ZIKV-infected patients. (B) In
vitro degranulation and production of IFN-g and TNF-a by purified untreated NK cells (gray bars), and NK cells cocultured with LPS-treated (1LPS;
hatched bars) or ZIKV-infected (1ZIKV; black bars) autologous Mo-DCs. Experiments in the presence of K562 target cells (dotted bars) served as positive
controls. Data are shown for seven different individuals. *p 5 0.05, **p 5 0.001.
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elusive; although it can be hypothesized that HLA-presented viral
peptides could modulate KIR/HLA interactions, as previously
observed in several other viral infections (39�42). Together, the
findings suggest an impact of education of NK cells during the acute
phase of ZIKV infection. However, a genetic analysis of the KIR/
HLA, combined with phenotypic and functional features of NK cells
ZIKV-infected individuals. Another limitation was the low number
the samples at the second timepoint (TP2), which reduces the statis-
tical significance of the analysis. Thus, further prospective studies
on a larger number of patients are necessary to draw firmer conclu-
sions. Furthermore, it seems that activated and proliferating NK cells
decrease over time after ZIKV infection, suggesting that intense NK
cell activation and trafficking to and from tissues occurs early in
ZIKV, and is associated with subsequent disease progression, pro-
viding an insight into the mechanism of clinical deterioration. Thus;
it would be interesting to measure the proportion of circulating and

resident CD691CD1031CD49d1 NK cells in different hematopoi-
etic and nonhematopoietic tissues.
Given their functional capacities, it is important to determine

whether NK cells play a role in the immune response to ZIKV infec-
tion. As previously reported for DENV infections (23, 24), ZIKV
appears to impair the ability of NK cells to degranulate in infected
patients. This impairment may be linked to high levels of MHC class I
expression, as previously shown for other flavivirus infections (13,
24), whereas many other viruses downregulate levels of some MHC
class I molecules (43). However, in contrast to DENV, infection by
ZIKV does not induce the expression of the HLA-E molecule (44),
suggesting that the functional capacity of NK cells is not directly
mediated by NKG2C in ZIKV infection, as compared with DENV
(14, 23). Consistently, we show that in ZIKV1 patients, the frequency
of IFN-g1 KIR3DL11 NK cells was significantly higher than that of
IFN-g1NKG2C�expressing NK cells.

FIGURE 6. Cytokine production by NK cells from ZIKV1 patients is associated to STAT-5 activation. (A) Quantification of IL-12 p35 and IL-12 p40 by
real-time PCR in Mo-DCs infected by ZIKV. The bar graph shows the enrichment (n-fold) of RQ of IL-12 p35 (left panel) and IL-12 p40 (right panel) gene
expression in noninfected (NT; gray bars), LPS-treated (1LPS; hatched bars) or ZIKV-infected (1ZIKV; black bars) Mo-DCs from three different individu-
als. (B) Intracellular production of IFN-g and TNF-a by NK cells after pretreatment of target cells with 2.5 mM of Apilimod (1Api). Experiments are per-
formed with purified NK cells (UT, gray bars) or NK cells cocultured with LPS-treated (NK 1 Mo-DC/LPS; hatched bars) or ZIKV-infected autologous
Mo-DCs for 48 h (NK 1 DC/ZIKV, black bars). Data are shown in mean ± SD of seven experiments. *p 5 0.05, **p 5 0.001. (C) tSNE visualization of
latent transcription factor STAT-5 activated by tyrosine phosphorylation (pSTAT5) in NK cells from healthy donors (HD) and ZIKV-infected patients
(ZIKV1) at different timepoints (TP1 and TP2) after onset of the symptoms. Plots represent merged files of each group of individuals. The settings used for
the viSNE run were as follow: equal event sampling (44,400 events each), channels (CD16, CD56, CD57, NKG2A, NKG2C, KIR2DL1, KIR2DL2L3,
KIR3DL1, CD38, HLA-DR, PD1, Tim3, CTLA4, IFN-g, and Ki-67), iterations (7500), perplexity (30), and u (0.7). (D) Frequency of pSTAT-5 expression
in CD3�CD561 NK cells from HD (n 5 10) and ZIKV-infected patients (ZIKV1) at different timepoints (TP1, n 5 15; TP2, n 5 7) after onset of the symp-
toms. Black lines represent the median. An unpaired Mann�Whitney U test was performed between HD and TP1 groups, whereas a paired Wilcoxon test
was performed between TP1 and TP2 groups. (E) Correlation of intracellular production of IFN-g and pSTAT-5 expression in total NK cells from ZIKV-
infected patients at TP1. Data are extrapolated from the Citrus analysis. (F) In vitro expression of activated STAT (pSTAT-1, -3, -5, and -6) in NK cells
cocultured with autologous Mo-DCs infected by ZIKV from an HD. Data were obtained using the “BD Phosflow Monocyte/NK cell Activation Kit” (catalog
no. 562089). Untreated (NT) and IL-2�activated cells were used as controls. Dotted lines represent the median value observed in untreated NK cells.
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Production of cytokines by NK cells, measured by mass cytometry
and confirmed after coculture with autologous ZIKV-infectedMo-DCs,
is a key element in the control of ZIKV by NK cells. These data are fur-
ther supported by previous results reporting that ZIKV-infected patients
produce high levels of several immune mediators associated with NK
cell function, such as IL-18, IFN-g, and TNF-a (45). The production of
IFN-g and TNF-a by NK cells is also profoundly decreased after treat-
ment of ZIKV-infected Mo-DCs with Apilimod, which selectively and
potently inhibits the production of IL-12 (46), whereas IL-12 p35 and
p40 transcripts are expressed to a higher extent in ZIKV-infected Mo-
DCs. Surprisingly, results obtained from in vitro experiments, as well
as from themass cytometry analysis, also showed amassive phosphory-
lation of STAT-5 in NK cells from ZIKV-infected patients, confirmed
in vitro by coculture with ZIKV-infected Mo-DCs, which strongly cor-
related with the frequency of IFN-g1 NK cells. Results obtained from

the mass cytometry analysis showed that the phosphorylation of STAT-
5 in NK cells from ZIKV-infected patients, confirmed in vitro by cocul-
ture with ZIKV-infected Mo-DCs, strongly correlated with the fre-
quency of IFN-g1 NK cells. It has previously been shown that STAT-5
can upregulate the promoter activity of the IFN-g�encoding IFNG
genes (47). Furthermore, IL-2 or IL-12 phosphorylates STAT-5 to drive
IFN-g production in activated cells, which is even enhanced in the pres-
ence of IFN-g (48, 49). These findings suggest that the activation of
STAT-5 may be a mechanism through which activated NK cells could
increase IFN-g secretion in the presence of IL-12. Thus, it might be
interesting to more precisely determine the signaling pathway(s) that
are engaged in the phosphorylation of STAT-5 leading to the produc-
tion of IFN-g in ZIKV infection.
The importance of a cell-to-cell cross-talk for cytokine production

by NK cells during ZIKV infection also prompted us to analyze, in

FIGURE 7. Expression of cellular
ligands for NK receptors by Mo-DCs
infected by ZIKV (A) Representative
histograms of expression on nonin-
fected (NT), and Mo-DCs infected by
ZIKV for 48 h. Positive staining is rep-
resented by the open gray line. (B)
Mean of fluorescence intensity (MFI)
of MHC class I molecules expression
and frequency MIC-A and MIC-B on
untreated (NT, open bars), LPS-treated
(1LPS; hatched bars) and ZIKV-
infected (1ZIKV; black bars) Mo-
DCs. Results are expressed as mean ±
SD for five experiments. (C) Intracel-
lular production of IFN-g and TNF-a
byNKcells after pretreatment of target
cells with 10 mg/ml blocking 1D11
anti-NKG2D (1aNKG2D) mAbs
and/or treated with 2.5 mM of Apili-
mod (1Apilimod). Experiments were
performed with purified untreated NK
cells (NK, gray bars), or in the pres-
ence of autologous Mo-DCs nonin-
fected (Mo-DC) or infected by ZIKV
for 48 h (NK1 DC/ZIKV1). Results
are expressed as mean ± SD for three
experiments. (D) Effect of pretreat-
ment with 10 mg/ml 6D4 anti�MIC-
A/B (1a-MIC) mAbs on the intracel-
lular production of IFN-g and TNF-a
byNKcells from healthy donors (HD)
and ZIKV-infected patients (ZIKV1).
Results are expressed as mean ± SD
for seven experiments. *p 5 0.05,
**p5 0.001.
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detail, the mechanism by which NK cells control infection. In vitro
we observed that MIC-A and MIC-B expression was induced on
ZIKV-infected Mo-DCs, whereas other ligands of NKG2D (ULBP-
1 to 6), and those for NKp30 and NKp46 remained unchanged, as
compared with uninfected cells, reminiscent to what has been
observed for DENV (15). These data contrast with the, previously
reported, small increase in the expression of activating NK cell
ligands following ZIKV infection (24), and should be validated in
DC from ZIKV-infected patients. The potential explanation for the
discrepancies between the latter study and ours might be the differ-
ence in target cells; unlike using the A549 tumor lung carcinoma
cell line, which expresses basal levels of stress molecules (50, 51),
we used primary Mo-DCs from healthy donors in our experiments.
MIC-A and MIC-B expression is generally not observed at the sur-
face of normal cells but constitutively expressed in stress situations,
like cancer and viral/bacterial infections (52). Furthermore, we
observed that NKG2D expression was specifically downregulated in
NK cells following coculture with ZIKV-infected target cells. These
data are consistent with those of a previous report showing a degra-
dation of the NKG2D receptor from the cell surface following its
interaction with MIC-A/B (53). Our data suggest that an additive/
synergistic effect of MIC-A/B and IL-12, produced by ZIKV-
infected Mo-DCs, can trigger NK cells to produce high levels of
proinflammatory cytokines, but fail to induce cytotoxicity.
Collectively, our data reveal an expansion of specific NK cells

able to sense ZIKV via the NKG2D/MIC-A/B signaling pathway to
induce STAT-5 and the production of proinflammatory cytokines.
This specific mechanism could contribute to the generation of an
efficacious adaptive anti-ZIKV immune response that may poten-
tially affect both the outcome of the disease and/or the development
of persistent symptoms.
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